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••
 

Nuclear motion on a single BornNuclear motion on a single Born--Oppenheimer potential energy Oppenheimer potential energy 
surface does not induce an electron currentsurface does not induce an electron current

••
 

A toy example: electron current for a peripatetic Hooke’s atomA toy example: electron current for a peripatetic Hooke’s atom
••

 
Electron current and a singleElectron current and a single--surface timesurface time--dependent Borndependent Born--

 Oppenheimer Oppenheimer wavefunctionwavefunction
––

 
expectation valueexpectation value

––
 

continuity relationscontinuity relations
••

 
Refresher: BornRefresher: Born--Huang Huang AnsatzAnsatz

••
 

Treating electron currentsTreating electron currents
––

 
general case: Borngeneral case: Born--Huang w.f.Huang w.f.

––
 

special case: Bornspecial case: Born--Oppenheimer w.f.Oppenheimer w.f.
••

 
Numerical implementationNumerical implementation

••
 

ExamplesExamples
••

 
Conclusions: Complete Adiabatic Conclusions: Complete Adiabatic w.f.sw.f.s

 
and femtosecond dynamicsand femtosecond dynamics

Game plan for the next 34¾ minutesGame plan for the next 34¾ minutes
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Hooke’s atomHooke’s atom
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Electron cElectron currenturrent
 

density in Hooke’s atomdensity in Hooke’s atom
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Hooke’s atom (BO approximation)Hooke’s atom (BO approximation)
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Current density in B.Current density in B.--O. Hooke’s atomO. Hooke’s atom
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What went wrong?What went wrong?
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Recovering current in BO Hooke’s atom (1)Recovering current in BO Hooke’s atom (1)
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Recovering current in BO Hooke’s atom (2)Recovering current in BO Hooke’s atom (2)

This is a "Complete This is a "Complete 
Adiabatic" Adiabatic" wavefunctionwavefunction

 [L. [L. NafieNafie, , JCPJCP
 

79, 4950 79, 4950 
(1983)](1983)]
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We understand what’s We understand what’s 
going on. going on. 

Can we fix up the general Can we fix up the general 
B.B.--O. / B.O. / B.--H. current H. current 

density in a similar way?density in a similar way?
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Reminder: the BornReminder: the Born--Huang approximationHuang approximation
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Our assumptions:Our assumptions:

••
 

We already have a timeWe already have a time--dependent Borndependent Born--Huang solution, which Huang solution, which 
includes all electronic states important for describing the densincludes all electronic states important for describing the density ity 
evolution:evolution:

••
 

Amplitudes of the additional “correction” electronic states are Amplitudes of the additional “correction” electronic states are 
adiabatic adiabatic w.r.tw.r.t. nuclear coordinates. nuclear coordinates

••
 

Amplitudes of the “correction” states are small compared to the Amplitudes of the “correction” states are small compared to the 
explicitly included statesexplicitly included states

••
 

Indirect coupling between the explicit electronic surfaces due tIndirect coupling between the explicit electronic surfaces due to o 
interaction with the “correction” states can be neglectedinteraction with the “correction” states can be neglected
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Solving for the correction Solving for the correction w.f.sw.f.s
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Correction amplitudesCorrection amplitudes
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Electron currentsElectron currents

This is a "Complete This is a "Complete 
Adiabatic" Adiabatic" wavefunctionwavefunction

 [L. [L. NafieNafie, , JCPJCP
 

79, 4950 79, 4950 
(1983)](1983)]
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Electron currents Electron currents ––
 

some special casessome special cases
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Impractical theory (singleImpractical theory (single--surface)surface)

This expression is cute, but numerically useless: the This expression is cute, but numerically useless: the 
largest contributions to the current come from largest contributions to the current come from 

coupling to the corecoupling to the core--excited states. excited states. 

For any chemically interesting system, these would For any chemically interesting system, these would 
be too expensive to calculatebe too expensive to calculate

(implemented by Freedman et al, (implemented by Freedman et al, JACSJACS
 

119, 10620 (1997) for a non119, 10620 (1997) for a non--interacting w.f.)interacting w.f.)
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Another impractical theory (singleAnother impractical theory (single--surface)surface)
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Practical theory (2nd order)Practical theory (2nd order)
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Practical theory (1st order)Practical theory (1st order)

This is a "Complete Adiabatic" This is a "Complete Adiabatic" 
wavefunctionwavefunction

 
[L. [L. NafieNafie, , JCPJCP

 
79, 79, 

4950 (1983)]4950 (1983)]
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NittyNitty--gritty: Evaluating Complete Adiabatic w.f.gritty: Evaluating Complete Adiabatic w.f.

=> Double=> Double--SCFSCF
 

procedureprocedure
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A very boring exampleA very boring example

••
 

He atomHe atom
••

 
Moving towards positive X at Moving towards positive X at 
0.01 Bohr/0.01 Bohr/au[tau[t] (22 km/s)] (22 km/s)

••
 

Saturated basis setSaturated basis set
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Another boring exampleAnother boring example

••
 

HH22

 

moleculemolecule
••

 
Rotating around Y axis at 0.029 Rotating around Y axis at 0.029 
Rad/au[tRad/au[t] (] (EErotrot

 

=20 =20 eVeV; J=50) ; J=50) 
••

 
"pc"pc--3" polarization3" polarization--consistent consistent 
basis setbasis set
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(Slightly) less boring example(Slightly) less boring example

••
 

Butadiene (Butadiene (CC44

 

HH66

 

) molecule) molecule
••

 
Central carbon atoms (CCentral carbon atoms (C22

 

and Cand C33

 

) ) 
moving towards moving towards C.o.MC.o.M. at 0.01 . at 0.01 
Bohr/Bohr/au[tau[t] (22 km/s)] (22 km/s)

••
 

"pc"pc--1" polarization1" polarization--consistent consistent 
basis setbasis set
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Real chemistry exampleReal chemistry example

••
 

77--azaindoleazaindole
 

+ 2x methanol+ 2x methanol
••

 
Transition structure for proton Transition structure for proton 
transfertransfer

••
 

Nuclei are moving along the Nuclei are moving along the 
Intrinsic Reaction coordinate Intrinsic Reaction coordinate 
((arbarb. velocity). velocity)

••
 

"pc"pc--1" polarization1" polarization--consistent consistent 
basis setbasis set
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ConclusionsConclusions
••

 
BornBorn--Oppenheimer Oppenheimer wavefunctionswavefunctions

 
of molecules in of molecules in 

motion yield zero electron currents, which do not motion yield zero electron currents, which do not 
satisfy continuity relations for electron densitysatisfy continuity relations for electron density

••
 

B.B.--O. O. wavefunctionswavefunctions
 

are not Lorentzare not Lorentz--invariantinvariant
••

 
Currents be recovered within BornCurrents be recovered within Born--Huang Huang AnsatzAnsatz, , 
leading to the leading to the Nafie'sNafie's

 
Complete AdiabaticComplete Adiabatic

 wavefunctionswavefunctions
••

 
Electron currents are the 1+2Electron currents are the 1+2--order derivative of the order derivative of the 
B.B.--OO. electronic energies. electronic energies

••
 

C.A. C.A. wavefunctionswavefunctions
 

and electron currents can be and electron currents can be 
obtained by a simple doubleobtained by a simple double--SCFSCF

 
procedureprocedure

••
 

C.A. C.A. wavefunctionswavefunctions
 

provide the natural provide the natural 
representation of  femtosecond dynamicsrepresentation of  femtosecond dynamics
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Thank you for listening!Thank you for listening!
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